Abstract-A novel physically small, coplanar, dual band antenna for 2.4-, 5.2-, and 5.8-GHz industrial, scientific and medical (ISM) band applications is proposed. The antenna element occupies an area of 25 mm × 9 mm on a substrate of thickness 1.6 mm and relative permittivity 4.3. The wide band at the higher resonance is due to the modified planar dipole and the lower resonance is achieved by a stepped impedance resonator (SIR), which is electrically coupled to the modified dipole. The 2:1 VSWR impedance bandwidth of the proposed antenna is 95 MHz for the first resonance and 1.38 GHz for the second resonance. The radiation patterns are nearly omnidirectional and the maximum measured gain is 2.6 and 3.6 dBi at 2.48 and 5.35 GHz, respectively. Index Terms-Bent dipole, physically small antenna, stepped impedance resonator (SIR).
I. INTRODUCTION
T HE 2.4-, 5.2-, and 5.8-GHz ISM bands are very common and widely used for different applications like wireless local area networks and many other wireless devices like wireless printers and Bluetooth. Because of the wide use of this band, devices operating at this band require multiband capability to comply with IEEE 802.11, 802.11a, 802.11b, 802.11g, ETSI HiperLAN1, and HiperLAN2 standards. Owing to the greater demand for applications in these frequency bands, several attempts have been made for making compact and efficient antennas operating in these bands. Later, dual band antennas which operate at both these bands were introduced. Planar inverted F antennas (PIFA) are commonly used in the above bands [1] - [3] ; however, the large ground plane of PIFA makes the antenna bulkier. Numerous designs of planar monopole dual frequency antennas have been demonstrated, including microstrip fed modified T shaped antenna [4] , dual band CPW fed cross slot antenna [5] , dual band planar slot antenna with an embedded metal strip [6] , and S-shaped monopole antenna [7] . Most of these antennas employ a very large ground plane. Antennas which employ parasitic elements for achieving resonance are also found in literature. A monopole antenna with a shorted parasitic element is used to achieve a wide band operation [8] , whereas another monopole with a shorted parasitic element results in a dual band operation [9] . A microstripline fed, capacitively coupled microstrip patch antenna is used to achieve a broadband operation at 2.5 GHz [10] . A fractal antenna fed by capacitive coupling is employed for achieving multiband operation [11] .
Stepped impedance resonators (SIRs) are well known for their applications in RF/microwave region due to their simple structure and low cost. They find application in many RF filters and amplifiers. The ability of SIR to control the higher harmonics and to reduce the size as compared to uniform impedance resonators (UIRs) is greatly employed in filters and microwave antennas. A slot SIR in different configurations, fed from a coplanar waveguide (CPW) is used to achieve dualband/tri-band/broadband operations [12] , whereas in one of the works by Wen-Hua Tu and Kai Chang, an SIR slot antenna capacitively fed with a CPW transmission line is employed at 3.86 GHz. This antenna occupies an area of 80 mm × 80 mm on an RT Duroid 6006 substrate with a permittivity of 6.15, where a half wave length UIR slot dipole is replaced with an SIR slot dipole to bring the compactness to the antenna structure [13] . A 31% reduction in length is achieved in comparison with the UIR loaded antenna.
This novel modified planar dipole antenna along with a folded SIR parasitic element offers a dual band operation. The total size of the antenna is very small and offers considerably good gain with less complexity to the structure. Apart from other antennas in literature which uses slot SIR, a coplanar stripline (CPS) SIR is utilized in this proposed design. Desirable bandwidths of 95 MHz and 1.38 GHz with 2:1 VSWR reflection coefficient in the lower and higher band are achieved, respectively.
II. ANTENNA DESIGN AND GEOMETRY

A. Antenna Evolution
The antenna is derived from a conventional planar dipole antenna operating at 5-6 GHz. The evolution of the antenna is depicted in Fig. 1 . A simple planar dipole antenna return characteristics is shown in Fig. 1(case-a) . The antenna resonates at 5 GHz. When a UIR is top loaded, the antenna is resonating at 4.9 GHz with a deteriorated impedance matching, as shown in Fig. 1(case-b) , due to inductive shift on top loading. This inductive reactance can be overcome by reducing the coupling between the elements. This is achieved by bending the dipole, which shows better impedance matching with a shift in frequency to 4.2 GHz as in Fig. 1(case-c) , where the impedance is found to be less inductive than the earlier case. It is further noted that if the bent dipole is loaded with UIR, a new lower 0018-926X © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. resonance is introduced with a poor matching at 3.14 GHz.
When a 90
• bend is introduced in the UIR the antenna resonates at 4.6 and 2.9 GHz with an improved impedance matching, as in Fig. 1(case-d) . Here, the impedance is slightly capacitive at 4.6 GHz and slightly inductive at 2.9 GHz with a good matching. Now a new compact antenna is achieved if the UIR is replaced by an SIR with a lower resonance at 2.4 GHz, Fig. 1(case-e) . The SIR has some advantages, like it can reduce the size and can control the higher harmonics and insertion loss.
B. Antenna Geometry
The geometry of the proposed final antenna is shown in Fig. 2 . The antenna occupies an overall size of 25 mm × 9 mm on a substrate of permittivity (ε r ) 4.3 and thickness 1.6 mm. A planar dipole of length 10 mm is initially designed with an optimized width of 2 mm, and then modified by bending it with an inner radius of 7 mm. The arc length of the bent dipole is made same as that of the length of planar dipole. This dipole resonates at 5 GHz, where the length of the dipole is equal to λ g /2, where λ g is the guided wavelength in the structure at the resonant frequency. A folded SIR, with lengths L 1 , L 2 , and L 3 , widths W 1 and W 2 is utilized as a parasitic element to the dipole. The total length of the SIR is selected as λ g /2 at 2.4 GHz. The physical dimensions of the antenna are given in Table I . The design and optimization of the antenna is done with Ansys HFSS. It is well known that, placing a parasitic element which is longer than the driven element, at a distance of 0.1−0.25 λ g from the driven element, acts as a reflector. However, when the same element is placed close to the driven element, a new resonance mode is excited.
III. RESULT AND DISCUSSION
A. Effect of Parasitic Element
The simulated peak gain for the dipole resonance, in this case is 2.9 dBi with a slight directional radiation pattern as shown in Fig. 3(b) . The unmatched lower resonance deteriorates when the UIR is moved away from the dipole. The bending of the dipole and the employment of the two ends of the dipole for coupling to the parasitic element, as shown in Fig. 3(c) , has improved the reflection characteristics of the dipole, with a downward shift in the resonance. This shift in the resonance is due to the increase in the effective length of the dipole through the capacitively coupled UIR. A peak gain of 3 dBi, resulting in a directional pattern toward the −Y direction, is achieved in the dipole resonance as shown in Fig. 3(c) , with slightly improved return loss in the lower resonance. In this case, the UIR is acting as a reflector to the dipole. As shown in the case-d in Fig. 1 , by folding the UIR with an angle of 90
• , the shift in the dipole resonance has reduced because of the cancellation of the current at the two ends of the UIR at higher band, which in turn reduces the effective length of the dipole, whereas the reflection characteristics of the lower resonance has enhanced considerably. The peak gain of the dipole antenna remains the same, whereas the radiation pattern has become nearly omnidirectional, as shown in Fig. 3(d) . With folded UIR having a total length of 34.42 mm, the lower resonance is at 2.9 GHz. Further reduction in the lower resonance to 2.4 GHz is achieved by replacing the UIR with an SIR of the same length. The radiation pattern is nearly omnidirectional in this case, as shown in Fig. 3(e) . The polarization of the dipole is kept intact in all these modifications. Fig. 4 shows the reflection coefficient of the antenna with and without the SIR. Without SIR, the antenna is resonating at 5 GHz. With SIR, the antenna offers a new resonance at 2.4 GHz also. There is a slight variation in the higher resonance because of the capacitance introduced by the coupling between the parasitic element and the open ends of the dipole at 5 GHz. Fig. 5 shows the reflection coefficient of the antenna with folded UIR and SIR of the same length. As shown in the figure, the lower resonance is shifted downwards with SIR, since in SIR the resonance is determined by the impedance ratio and the electrical lengths rather than the electrical lengths alone as in the case of UIR [14] , [15] . The incorporation of SIR has made little effect on the higher resonance, which clearly depicts that the two resonances are independent and do not retain a harmonic relation between them. The measured and simulated reflection coefficient of the coplanar antenna is given in Fig. 6 . On measurement with the prototype of this antenna, bandwidths of 90 MHz from 2.38 to 2.47 GHz and 2.5 GHz from 4.75 to 7.3 GHz are obtained in the lower and higher bands, respectively.
This antenna when connected with a coaxial connector SubMiniature version A (SMA) experiences a problem of return current caused by the transformation from an unbalanced structure to a balanced one. Due to this return current, there is variation in measured higher resonance as compared to simulation. This return current is eliminated by modifying the dipole structure as a double sided one as shown in Fig. 7 . This antenna is fed with a microstrip line with an impedance transformer for better impedance matching. Fig. 8 shows the measured and simulated reflection coefficients of the optimized double sided antenna. The simulated and experimental values are in good agreement. The slight increase in the higher resonance, compared to the coplanar antenna, is due to the reduction in the electrical length of the dipole, resulting from the cancellation of the surface current at the overlapping area. Both the measured and simulated results are in good agreement and the slight variation is due to the fabrication tolerance. All the measurements are done using PNA E8362B Network Analyzer. Fig. 9 shows the fabricated prototype of the antenna and the physical dimensions of the microstripline are given in Table II . 
B. Analysis of Electric Field, Surface Current, and Polarization of the Antenna
A detailed account of the excitation of SIR and the polarization of the antenna can be obtained by analyzing the electric field and surface current distribution. At the fundamental mode of the SIR (2.4 GHz), the E-field at the ends of the dipole is at a maximum. These ends are electromagnetically coupled to the SIR. The electric field of the bent dipole structure at 2.4 GHz is given in Fig. 10 , which confirms the electrical coupling between the dipole and the SIR. The surface current distributions of the antenna in both the bands are depicted in Fig. 11 . In the SIR at 2.4 GHz, the current along the Y direction on either side is antiparallel and will cancel at far field, leaving behind a net current in the X direction. At 5.2 GHz, the Y components of the current on either side of the dipole are antiparallel and will cancel at far field, leaving behind a net current in the X direction. This results in the polarization of the antenna along X direction, which is experimentally verified.
C. Analysis of Parasitic Element and Modeling
The SIR used in the proposed antenna is modeled as an open ended composite CPS, as shown in Fig. 12(c) , instead of using a microstrip transmission line model [16] . The symmetrical CPS has two 2-mm wide strips, and the asymmetrical CPS consists of 0.2 mm and 2 mm-wide strips, as shown in Fig. 12(a) and (b) , respectively. The simulated plane wave excitation of the coplanar SIR shown in Fig. 12(c) , shows a resonance at 2.2 GHz. The two important parameters of an SIR which determines the resonant frequencies are the impedance ratio k and length ratio α, [15] - [17] , [23] , defined as
where Z 1 and Z 2 are the characteristic impedances of the two transmission lines and θ 1 and θ 2 are the electrical lengths, as shown in Fig. 13 . The resonance of an SIR is calculated by evaluating the condition
Here, k and α are derived from the two CPS lines used for the modeling; θ 1 and θ 2 are the electrical lengths of the SIR corresponding to the physical lengths l 1 and l 2 ; and Z 1 and Z 2 are the characteristic impedances of the two CPS lines, as given in Fig. 13 . The calculated values of k and α with the above parameters are 0.45644 and 0.7306, respectively. The physical length of the SIR is calculated using the resonance condition in (3). Considering the total length of SIR as θ t = 2(θ 1 + θ 2 ), (3) can be written as
For the fundamental mode the range of θ t is 0 < θ t < π. By numerical analysis of (4), for a particular value of k and α, the electrical lengths θ 1 and θ 2 are calculated and from that the corresponding physical lengths l 1 and l 2 for a particular frequency is calculated. Table III shows the calculated and corresponding simulated dimensions of the SIR using (1) and (4) for different frequencies for the above mentioned k and α values. The slight variation in the analytical data as compared to the simulated one is because of the fringing field. The physical dimension of the SIR is selected as per the dimensions used in the simulations, and for the fabrication of the antenna the values selected for l 1 and l 2 are 9.62 and 12.4 mm, respectively.
With a 90
• bend on the SIR, the lower resonant frequency of the structure is shifted upward. The introduction of this bend has reduced the capacitance between SIR and the bent dipole and hence increased the resonant frequency to 2.4 GHz.
D. Parametric Analysis of Antenna
The resonant frequency in the lower and upper band is increased with the coupling gap C between the bent dipole and the folded SIR, due to the reduction of coupling capacitance between the two. Both the resonances shift downwards with an increase in the relative permittivity. A similar variation is observed when the substrate thickness is increased. When the aspect ratio of the SIR, i.e., the ratio between the length and breadth of the SIR is varied, at one point the radiation pattern is showing a slight directive nature. The aspect ratio is calculated as (L 1 + 2L 2 )/L 3 . At an aspect ratio between 3.9 and 5 the antenna is radiating slightly more toward the −Y direction. At this aspect ratio, the bent dipole is acting as a director for the SIR and makes it directive. Fig. 14 shows the change in radiation pattern with aspect ratio.
E. Radiation Pattern, Gain, and Efficiency
The radiation pattern of the antenna is measured inside an anechoic chamber which is designed for a frequency of above 2 GHz. The measurement setup consists of a Network Analyzer, a standard horn antenna, a turn table, a controller for the turn table and indigenously developed software in MATLAB. The Fig. 15(a) for the lower band measured at 2.4 GHz, is due to the surface current distribution in the SIR, as shown earlier in Fig. 11(a) , where the net surface current is in the X direction. The pattern in Fig. 15(b) is for the higher band, measured at 5.2 GHz. This higher band pattern is due to the net surface current in the X direction of the bent dipole as shown in Fig. 11(b) . The pattern is nearly omnidirectional in both the bands. Fig. 16 depicts the gain and efficiency of the antenna. At 2.4 GHz band, it gives a nearly uniform gain with an average gain of 1.4 dBi and a peak gain of 2.6 dBi at 2.48 GHz. In the 5-6 GHz band, the average gain is 2.2 dBi with a peak gain of 3.6 dBi at 5.35 GHz. The measured peak efficiency using Wheeler Cap method [18] , in the lower and higher bands are 88.6% and 96.87%, respectively. The antenna shows a 2:1 VSWR bandwidth of 95 MHz in the 2.4 GHz band from 2.405 to 2.5 GHz and 1.38 GHz in the 5-6 GHz band from 4.52 to 5.9 GHz. The antenna is found to be physically small with a calculated ka value of 0.8042 [19] , [21] , [22] . The calculated Q at the lower resonance band is 439, which is greater than the Q min (3.165), of a small antenna [20] , [21] . The volume specification of a physically small antenna is restricted to a maximum value of 30 cm 3 , where the proposed antenna is well within the limit with a volume of 0.8 cm 3 [24] .
IV. CONCLUSION
A novel compact coplanar dual band antenna is proposed and investigated. The antenna resonates at 2.4 and 5-6 GHz bands with a 2:1 VSWR bandwidth of 95 MHz and 1.38 GHz, respectively. The average gain of the small sized antenna is 1.4 and 2.2 dBi at 2.4 and 5 GHz band, with a peak gain of 2.6 and 3.6 dBi at 2.48 and 5.35 GHz, respectively. The antenna shows a nearly omnidirectional radiation pattern at both the frequency bands. The efficiency is 88.6% and 96.87% at 2.45 and 5.4 GHz, respectively.
